Durante W. Hypochlorous acid-induced heme oxygenase-1 gene expression promotes human endothelial cell survival.
MYELOPEROXIDASE (MPO) is a secreted protein found in phagocytes that participates in the innate immune response through the formation of microbicidal reactive oxidants (31) . Hypochlorous acid (HOCl) is a unique oxidant formed by MPO that reacts with several biological targets to produce a variety of HOCl-modified compounds. There is increasing evidence that HOCl contributes to tissue injury in a number of inflammatory diseases, including ischemia-reperfusion injury, acute vasculitis, and atherosclerosis (34) . Multiple lines of evidence suggest that MPO plays a role in atherogenesis. Immunohistochemical and biochemical analyzes localize the enzyme and HOClmodified proteins within and around endothelial cells of human atherosclerotic lesions (8, 16) . Interestingly, individuals with MPO deficiency are less likely to develop cardiovascular disease, whereas elevated systemic levels of MPO are associated with the presence of coronary artery disease and predict risk in patients with acute coronary syndromes (4, 57) .
Several potential mechanisms contribute to the atherogenic property of MPO. In particular, MPO-derived HOCl oxidizes low-density lipoprotein converting it to a highly atherogenic form that is readily taken up by macrophages via scavenger receptors (15) . In addition, HOCl oxidizes high-density lipoprotein and impairs its ability to promote cholesterol efflux (5) . Furthermore, HOCl induces endothelial dysfunction, which is one of the earliest changes associated with the development of atherosclerosis. HOCl inhibits endotheliumdependent relaxation and suppresses nitric oxide (NO) synthesis from endothelial cells (22, 43) . Moreover, low concentrations of HOCl stimulate tissue factor expression, whereas higher, but pathophysiologically relevant, concentrations, provoke endothelial cell death and desquamation (45) . These latter findings suggest that HOCl may also participate in the pathogenesis of acute coronary syndromes by promoting superficial plaque erosion and increasing thrombogenicity.
Heme oxygenase-1 (HO-1) is a highly inducible enzyme that catalyzes the degradation of heme into equimolar amounts of carbon monoxide (CO), biliverdin, and free iron (see Ref. 10) . Biliverdin is subsequently metabolized to bilirubin by biliverdin reductase. HO-1 is strongly induced by oxidative and nitrosative stress, and its induction in endothelial cells provides an important cellular defense mechanism against tissue injury (6, 33, 54) . The cytoprotection afforded by HO-1 is mediated by several different mechanisms, including the catabolism of pro-oxidant heme to the antioxidant bile pigments biliverdin and bilirubin; the coordinated induction of ferritin, which chelates free iron; and the liberation of CO, which exerts significant anti-inflammatory and antiapoptotic effects. Considerable evidence suggests that HO-1 also protects against the development of atherosclerosis. HO-1 is highly expressed in endothelial and foam cells of atherosclerotic lesions in both humans and animals (49) . In addition, pharmacological induction or adenovirus-mediated transfer of HO-1 inhibits lesion formation in various rodent models of atherosclerosis, whereas inhibition or gene deletion of HO-1 promotes lesion development (19, 24, 55) . Consistent with these animal studies, the first human case of HO-1 deficiency exhibited early atherosclerotic disease as reflected by the presence of fatty streaks and fibrous plaque (26) .
Since MPO and HO-1 are highly expressed and localized to endothelial cells in atherosclerotic lesions, the current study investigated whether there was an interaction between these two enzymes. In particular, we examined whether the MPO product HOCl influences HO-1 gene expression and CO production in human endothelial cells. In addition, we identified the signaling pathway responsible for regulating HO-1 expression and determined the physiological significance of the induction of HO-1 by HOCl in vascular endothelium.
MATERIALS AND METHODS
Materials. M199 medium, streptomycin, penicillin, gelatin, ascorbic acid, uric acid, trypan blue, sodium dodecyl sulfate (SDS), sodium fluoride, EDTA, HEPES, N-tris-(hydroxymethyl) methyl-2-aminoethanesulfonic acid (TES), iron, tricarbonyldichlororuthenium (II) dimer (CORM2), N-acetyl-L-cysteine (NAC), and HOCl were purchased from Sigma-Aldrich Chemical (St. Louis, MO); tin protoporphyrin-IX (SnPP), bilirubin, and biliverdin were from Frontier Scientific (Logan, UT); a polyclonal antibody against HO-1 was from Assay Designs (Ann Arbor, MI); antibodies against nuclear factor-erythroid 2-related factor 2 (Nrf2), and ␤-actin were from Santa Cruz Biotechnologies (Santa Cruz, CA); Alexa Fluor 488 was from Invitrogen (Carlsbad, CA); ␥-[
32 P]ATP (3,000 Ci/mmol) was from NEN-DuPont (Boston, MA); p-nitroanilide-conjugated Asp-Glu-Val-Asp (DEVD) was from Clontech (Palo Alto, CA); the HO-1 small interference RNA (siRNA; sense: 5Ј-AUGCUGAGUUCAUGAGGA AUU-3Ј, antisense: 5Ј-PUUCCUCAUGAACUCAGCAUUU-3Ј) and a nontargeting siRNA (5Ј-AAUGGAAGACCACUCCCACUC-3Ј) were purchased from Dharmacon (Lafayette, CO).
Cell culture. Human umbilical vein endothelial cells (HUVEC) or human aortic endothelial cells (HAEC) were purchased from Lonza (Allendale, NJ) and serially cultured on gelatin-coated dishes, as we previously described (28) . Cells were propagated in M199 medium supplemented with 20% bovine calf serum, 2 mM L-glutamine, 50 g/ml endothelial cell growth factor, 90 g/ml heparin, and 100 U/ml of penicillin and streptomycin in an atmosphere of 95% air-5% CO 2.
Western blotting. Cells were lysed in sample buffer (125 mM Tris, pH 6.8, 12.5% glycerol, 2% SDS, 50 mM sodium fluoride, and trace bromophenol blue) and proteins separated by SDS-PAGE. After transfer to nitrocellulose membrane, blots were blocked with PBS and nonfat milk (5%) and then incubated with antibodies directed against HO-1 (1:1,500), Nrf2 (1:200), or ␤-actin (1:200). Membranes were then washed in PBS, incubated with horseradish peroxidase-conjugated goat anti-rabbit, rabbit anti-mouse, or donkey anti-goat antibody, and developed with commercial chemoluminescence reagents (Amersham, Arlington Heights, IL). Protein expression was quantified by scanning densitometry and normalized with respect to ␤-actin.
Northern blotting. Total RNA was loaded onto 1.2% agarose gels, fractionated by electrophoresis, and blot transferred to Gene Screen Plus membranes (Perkin Elmer Life Sciences, Waltham, MA). Membranes were prehybridized for 4 h at 68°C in rapid hybridization buffer (Amersham, Arlington Heights, IL) and then incubated overnight at 68°C in hybridization buffer containing [ 32 P]DNA probes (1 ϫ 10 8 cpm) for HO-1, Nrf2, or 18S mRNA. DNA probes were generated by RT-PCR and labeled with [ 32 P]dCTP using a random priming kit (Amersham, Arlington Heights, IL) (28) . After hybridization, membranes were washed and exposed to X-ray film at Ϫ70°C, and HO-1 expression was quantified by scanning densitometry and normalized with respect to 18S rRNA.
HO-1 promoter analysis. HO-1 promoter activity was determined using HO-1 promoter/firefly luciferase constructs that were generously provided by Dr. Jawed Alam at the Ochsner Clinic Foundation, New Orleans, LA. These constructs consisted of the wild-type enhancer (E1) coupled to a minimum HO-1 promoter (E1) as well as the mutant enhancer (M739) that had its three antioxidant responsive element (ARE) core sequences mutated. In some experiments, a plasmid expressing a dominant-negative Nrf2 mutant (dnNrf2) that had its transactivation domain deleted was used. A plasmid encoding Renilla luciferase ([hRluc/TK]-Renilla luciferase) was included in all samples to control for transfection efficiency. Cells were transfected with plasmids (1 g/ml) using lipofectamine, incubated for 48 h, and then exposed to HOCl. After an additional 6 h incubation, cells were collected and lysed, and luciferase activity was measured by using the Promega Dual-Light assay system and a Glomax luminometer (Promega, Madison, WI). Firefly luciferase activity was normalized with respect to Renilla luciferase activity, and this ratio was expressed as fold induction over control cells.
CO production. Carbon monoxide (CO) formation was determined by solid-phase gas chromatography (23) . In brief, cells were washed with KH2PO4 (100 mM) buffer, scraped into microcentrifuge tubes, and sonicated. Cell debris was sedimented at 1,000 g for 5 min, and supernatants were collected and stored at Ϫ80°C. For CO analysis, cell sonicates (60 l) were placed in amber glass vials sealed with silicon septum caps. The headspace was purged with CO-scrubbed air and incubated for 1 h at 37°C. Matched samples maintained at 0°C, to inhibit HO activity, served as background controls. CO levels in the headspace gas were quantified using solid phase gas chromotography (model: Customized Peak Performer 1, Peak Analytical, Mountain View, CA) The analyzer was calibrated with a mixture of CO in air (Scott Specialty Gases, Plumsteadville, PA) and corrected immediately before measurements.
Immunofluorescence microscopy. Cellular localization of Nrf2 was determined by immunofluorescence. Cells were grown on glass coverslips, and following treatment, cells were fixed with cold acetone, washed with PBS, and incubated with blocking buffer (3% BSA, 5% goat serum, 0.1% Triton X-100 in PBS) for 30 min at room temperature. Cells were then washed with PBS and incubated with an antibody against Nrf2 (1:100 dilution) in blocking buffer for 1 h at room temperature. Coverslips were washed and incubated with Alexa Fluor 488 goat anti-rabbit IgG (1:1,000) in blocking buffer for 45 min at room temperature. Coverslips were then washed and mounted on glass slides, and images were obtained with a Bio-Rad Radiance 2000 Confocal system coupled to an inverted IX70 microscope and digital camera.
Antioxidant activity. Antioxidant activity was determined by measuring superoxide anion scavenging activity using a modification of the procedure described by Marklund and Marklund (32) . The spontaneous oxidation of a pyrogallol solution (0.6 mM in 0.2 mM Tris ⅐ HCl, pH 7.6) to purpurogallin was followed by absorbance spectroscopy at 235 nm. Rates of pyrogallol oxidation in the presence of various antioxidants were determined by measuring the slope of the absorbance curve during the first 5 min of the reaction.
Cell viability. Cell viability was determined by measuring the uptake of the membrane impermeable stain trypan blue. Cells were treated with trypsin (0.25%), collected, and diluted (1: 4) with trypan blue. Viable cells that exclude trypan blue were counted with a hemocytometer, as we previously described (29) .
Mitochondrial membrane potential. Mitochondrial membrane potential was determined using the cationic dye, MitoCapture (BioVision Research Products, Mountain View, CA). In healthy cells, the dye accumulates and aggregates in the mitochondria as a function of inner mitochondrial membrane potential resulting in a red fluorescence. However, in apoptotic cells where mitochondrial membrane potential is disrupted, the reagent cannot aggregate in the mitochondria and remains in its monomer form generating a green fluorescence. Endothelial cells were grown on coverslips, and after treatment, they were incubated with the dye in incubation buffer for 20 min at 30°C. Cells were then washed three times in PBS and images obtained using a Zeiss LSM 510 NLO scanning confocal microscope for red (excitation/emission ϭ 488 nm/590 nm): green (excitation/emission ϭ 488 nm/530 nm) fluorescence ratio detection.
Caspase-3 activity. Caspase-3 activity was measured by monitoring the cleavage of the p-nitroanilide-conjugated caspase-3 substrate DEVD (29) . Briefly, cells were trypsinized, pooled with detached cells, washed in ice-cold PBS, and suspended in lysis buffer (50 mM HEPES, pH 7.5, 10% sucrose, 0.1% Triton X-100) on ice for 10 min. After centrifugation at 13,000 g for 5 min at 4°C, supernatants were incubated with 50 M of DEVD and absorbance was measured at 405 nm with a Quant spectrophotemeter (Bio-Tek Instruments, Winooski, VT).
Statistics. Results are expressed as the means Ϯ SE. Statistical differences between groups were evaluated with a Student's twotailed t-test or by ANOVA with Bonferroni's t-test when multiple groups were compared. P values Ͻ0.05 were considered statistically significant.
RESULTS
Treatment of HUVEC with HOCl stimulated a concentration-and time-dependent increase in HO-1 protein. An increase in HO-1 protein was detected after 24 h with 100 M of HOCl, and a higher concentration of HOCl (300 M) showed a further increase in HO-1 protein (Fig. 1A) . The induction of HO-1 protein by HOCl was delayed, with a significant increase in HO-1 protein appearing 4 h after HOCl administration, and levels remained elevated following 24 h of treatment (Fig. 1B) . The induction of HO-1 protein in HUVEC was associated with a significant 40% increase in CO production (Fig. 1C) . HOCl also stimulated the expression of HO-1 mRNA in HUVEC in a manner that preceded the increase in HO-1 protein (Fig. 1, D  and E ). An increase in HO-1 mRNA was detected 2 h after HOCl exposure, and transcript levels peaked between 4 and 8 h and remained elevated after 24 h of HOCl treatment. In addition, HOCl induced a concentration-and time-dependent rise in HO-1 protein in HAEC that was associated with an increase in HO-1 mRNA (Fig. 2) .
Incubation of HUVECs with the transcriptional inhibitor actinomycin D (2 g/ml) completely blocked the induction of HO-1 mRNA and protein by HOCl (Fig. 3, A and B) . In contrast, the protein synthesis inhibitor cycloheximide (5 g/ ml), minimally affected the increase in HO-1 mRNA while totally suppressing the rise in HO-1 protein induced by HOCl. In the absence of HOCl, cycloheximide and actinomycin D suppressed basal HO-1 protein expression (Fig. 3B) . Actinomycin D had no significant effect on basal HO-1 mRNA levels, but cycloheximide resulted in an elevation in HO-1 message (Fig. 3A) .
To further examine the molecular mechanism by which HOCl induces HO-1 gene expression, HUVEC were transiently transfected with an HO-1 promoter construct, and promoter activity was monitored. Treatment of HUVEC with HOCl stimulated a concentration-dependent increase in HO-1 promoter activity (Fig. 4A) . Interestingly, mutation of the ARE (M739) attenuated basal activity and abolished the response to HOCl, suggesting that HOCl activates HO-1 gene transcription via the ARE. Since the transcription factor Nrf2 plays a predominant role in ARE-mediated gene expression (1), we investigated whether Nrf2 was involved in the activation of HO-1 by HOCl. Transfection of HUVEC with a dominantnegative mutant of Nrf2 that had its activation domain deleted inhibited the HOCl-mediated increase in HO-1 promoter activity. Furthermore, incubation of HUVEC with HOCl stimulated a rapid rise in Nrf2 protein beginning 1 h after HOCl exposure (Fig. 4B) . Immunofluorescence experiments demonstrate weak cytosolic staining of Nrf2 in control, untreated HUVEC; however, HOCl-treatment resulted in marked increase in both cytosolic and nuclear Nrf2 staining (Fig. 4C) . In contrast, HOCl failed to stimulate Nrf2 mRNA expression (Fig. 4D) . In subsequent experiments, we determined the upstream signaling pathway that stimulates Nrf2 and HO-1 expression. Since HOCl is an oxidant and because reactive oxygen species (ROS) have been implicated in the activation of Nrf2 (1, 21, 56) , the involvement of oxidative stress was examined. Treatment of HUVEC with the glutathione donor and ROS scavenger NAC (10 mM) completely abrogated the induction of HO-1 mRNA and protein expression in response to HOCl (Fig. 5, A  and B) . In addition, NAC prevented the HOCl-mediated increase in Nrf2 protein (Fig. 5C ). In contrast, other antioxidants including ascorbic (500 M) and uric acid (300 M) failed to block the HOCl-mediated induction of HO-1 (Fig. 5D) . Interestingly, NAC and ascorbic acid were equally effective in scavenging superoxide anions, whereas uric acid was ineffective (Fig. 5E) .
In another series of experiments, the functional role of HO-1 induction in endothelial cells by HOCl was investigated. Treatment of HUVEC with a high concentration of HOCl (300 M) for 24 h resulted in a significant decline in endothelial cell viability. Interestingly, the addition of the HO inhibitor tin protoporphyrin-IX (10 M) enhanced HOCl-mediated cell death by nearly 50% (Fig. 6A) . Similarly, treatment of HUVEC with a HO-1 siRNA (0.1 M) potentiated HOCl-mediated cell toxicity, whereas the nontargeting siRNA had no effect (Fig.  6A) . In the absence of HOCl, SnPP, HO-1 siRNA, or the nontargeting siRNA had no adverse effect on cell survival (data not shown). In addition, transfection of HUVEC with the HO-1 siRNA abolished the induction of HO-1 protein by HOCl (Fig. 6B) . In contrast, the nontargeting siRNA had no effect on the HOCl-mediated increase in HO-1 protein expression, confirming the efficacy and selectivity of the HO-1 knockdown approach (Fig. 6B ). These findings suggested that the induction of HO-1 by HOCl functions in an adaptive manner to limit cell death.
Subsequently, we determined which of the HO-1 products mediates this cytoprotective effect. Interestingly, incubation of HUVEC with bilirubin (10 M), biliverdin (10 M), or the CO donor CORM2 (10 M) reversed the cytotoxic effect of HOCl. In contrast, the addition of ferrous iron (10 M) had no effect on cell toxicity (Fig. 7A) . Since cell death often results from the loss of mitochondrial function, we explored the effect of HOCl on mitochondrial membrane potential. Incubation of HUVEC with HOCl (300 M) resulted in a significant decline in mitochondrial membrane potential, as reflected by the decrease in the measured red-to-green fluorescence ratio of cells loaded Fig. 4 . HOCl stimulates HO-1 promoter activity and nuclear factor-erythroid 2-related factor 2 (Nrf2) protein expression in HUVEC. A: effect of HOCl on HO-1 promoter activity. Cells were cotransfected with a HO-promoter construct (E1) or a mutated HO-1 promoter construct (M739) and a Renilla luciferase construct and treated with HOCl (100 or 300 M) for 6 h and then analyzed for luciferase activity. In some experiments, a dominant-negative mutant Nrf2 construct was cotransfected into cells. Results are means Ϯ SE (n ϭ 6). *Statistically significant increase in promoter activity. B: Western blot of Nrf2 protein following treatment of cells with HOCl (300 M). Nrf2 protein was quantified by scanning densitometry, normalized with respect to ␤-actin, and expressed relative to that of control, untreated cells. Results are means Ϯ SE (n ϭ 4). *Statistically significant effect of HOCl. C: immunofluorescence microscopy (magnification, ϫ60) demonstrating Nrf2 expression (green) with propidium iodide (red) nuclear counterstaining after treatment of cells with HOCl (300 M for 4 h). Cytosolic localization of Nrf2 is indicated in green, whereas nuclear localization is given in yellow. Similar findings were observed in 3 separate experiments. D: Northern blot of Nrf2 mRNA expression after treatment of endothelial cells with HOCl (300 M). Nrf2 mRNA was quantified by scanning densitometry, normalized with respect to 18S rRNA and expressed relative to that of control, untreated cells. Results are means Ϯ SE (n ϭ 3). with the voltage-sensitive Mitocapture dye (Fig. 7, B and C) . In addition, the HOCl-mediated dissipation of mitochondrial membrane potential was associated with a twofold increase in caspase-3 activity (Fig. 7D) . Interestingly, either bilirubin (10 M) or CORM2 (10 M) prevented the disruption of mitochondrial membrane potential as well as the activation of caspase-3 by HOCl (Fig. 7, B-D) . In the absence of HOCl, bilirubin or CORM2 had no effect on mitochondrial membrane potential or caspase-3 activity.
DISCUSSION
The present study demonstrates that physiologically relevant concentrations of HOCl stimulate HO-1 gene expression and CO production in human vascular endothelium. The induction of HO-1 is mediated via the Nrf2-ARE signaling pathway and is selectively blocked by the glutathione donor NAC. In addition, the induction of HO-1 functions to limit the cytotoxic effect of HOCl by generating CO, biliverdin, and bilirubin. murine macrophage cell line (37) . Interestingly, the induction of Nrf2 protein by HOCl is not associated with an increase in Nrf2 mRNA, suggesting that HOCl stimulates Nrf2 protein expression via a posttranscriptional mechanism that may involve protein stabilization (21, 54) . Furthermore, we found that transfection of endothelial cells with a dominant-negative Nrf2 construct abolishes the activation of HO-1 promoter activity in response to HOCl. Thus the mobilization of Nrf2 plays an integral role in mediating HO-1 gene transcription by HOCl. Although the mechanism by which HOCl activates Nrf2 is not known, the oxidation of cysteine residues in Kelch-like erythroid cell-derived protein 1 (Keap1) is likely to be involved since several cysteine residues in Keap1 are capable of undergoing redox-dependent alterations that result in the liberation and/or inhibition of Keap1-dependent ubiquitination and degradation of Nrf2 (21, 54) .
Since HOCl is a potent oxidant that rapidly reacts with thiols and results in the almost complete oxidation of intracellular glutathione in endothelial cells (38, 45) , we investigated whether administration of the glutathione donor NAC influences the induction of HO-1. Indeed, we found that NAC blocks the induction of HO-1 mRNA and protein and the expression of Nrf2 protein by HOCl. In contrast, treatment of endothelial cells with ascorbic acid, which is equally effective as NAC in scavenging superoxide anions, fails to inhibit HOCl-stimulated HO-1 expression. Furthermore, uric acid, which is a poor scavenger of superoxide but an efficient scavenger of peroxynitrite, had no effect on the induction of HO-1 (39). Our finding that NAC selectively antagonizes the induction of HO-1 by HOCl is consistent with an earlier report showing that NAC restores endothelium-dependent relaxation in HOCl-treated vessels, whereas ascorbic and uric acid were ineffective (43) . Failure of ascorbic and uric acid to block the induction of HO-1 may reflect their relative ineffectiveness in preventing glutathione oxidation in endothelial cells exposed to HOCl (48) .
Our finding that HOCl induces HO-1 gene expression adds to a growing list of atherogenic molecules that are capable of stimulating HO-1 expression. Previous studies identified oxidized low-density lipoprotein, peroxynitrite, homocysteine, and inflammatory cytokines as potent inducers of HO-1 (3, 8, 11, 12, 30) . Furthermore, growth factors such as plateletderived growth factor, transforming growth factor-␤, and angiotensin II, which are present in vascular lesions, are also able to upregulate HO-1 expression (17) . Interestingly, the induction of HO-1 by HOCl and several atherogenic factors is mediated through the activation of Nrf2 (3, 12, 30) . However, the upstream signaling pathways that lead to the activation of Nrf2 may differ between stimuli. Protein kinase C, mitogenactivated protein kinases, and phosphatidylinositol-3-kinase have all been implicated in the direct activation of Nrf2, whereas oxidants, such as HOCl, may indirectly mobilize Nrf2 by interfering with its Keap1-mediated sequestration and/or degradation (1, 21, 56) . Alternatively, vascular mitogens and inflammatory mediators may stimulate HO-1 expression via the activation of other transcription factors, including the Smad and activator protein-1 family of transcription factors (17) . Thus atherogenic factors are capable of activating multiple signaling pathways and transcription factors that converge to trigger HO-1 gene transcription.
In the present study, we are the first to show that HOCl stimulates the generation of CO by endothelial cells. This finding contrasts with previous work showing that HOCl inhibits endothelial NO synthesis, indicating that HOCl exerts a divergent regulatory effect on the production of gaseous monoxides by vascular endothelium (22, 43) . In this respect, the HOCl-mediated increase in CO synthesis may function in a compensatory manner to offset the loss of NO and help maintain vascular homeostasis. Similar to NO, CO exerts many beneficial effects in the circulation, including inhibition of vascular tone, platelet aggregation, vascular smooth muscle cell proliferation, and inflammation (see Ref. 10) . In agreement with this view, the exogenous administration of CO has been shown to restore endothelial function in an animal model of diabetes (9) . However, CO can also inactive endothelial NO synthase by binding to the heme moiety of the enzyme (51) , and this may provide an additional mechanism by which HOCl compromises endothelial NO formation.
The induction of HO-1 in endothelial cells likely represents an important adaptive response to counteract the harmful oxidative effects of HOCl. Consistent with previous reports demonstrating that HOCl induces endothelial cell apoptosis (38, 45) , we found that HOCl stimulates mitochondrial membrane disruption, caspase-3 activation, and endothelial cell death. Interestingly, HOCl-mediated cell toxicity is potentiated following inhibition of HO activity or the selective knockdown of HO-1 protein, indicating that the induction of HO-1 by HOCl promotes cell survival. This is in agreement with earlier work showing that genetic deletion of HO-1 sensitizes endothelial cells to the deleterious effects of heme or oxidized fatty acids (7, 54) . The cytoprotective action of HO-1 is likely mediated via the generation of CO, biliverdin, and bilirubin, since the exogenous administration of these three heme metabolites mimics the protection mediated by HO-1. In contrast, the other HO-1 product iron does not protect cells from HOCl. The cytoprotection elicited by bile pigments and CO may reflect their ability to counteract the detrimental effect of HOCl on mitochondrial function. We found that HOCl evokes a pronounced loss in endothelial cell mitochondrial membrane potential that is associated with a significant increase in the activity of caspase-3, the terminal effector caspase of the apoptotic cascade. This disruption in mitochondrial membrane potential likely reflects the ability of HOCl to activate the mitochondrial permeability transition pore (52) . Significantly, both CO and bilirubin maintain endothelial mitochondrial membrane potential in the presence of HOCl and prevent the activation of caspase-3. The capacity of bilirubin to preserve cell viability and mitochondrial function may arise from its capability to efficiently scavenge HOCl as well as other secondary oxidants generated by HOCl that target mitochondria (44) . Alternatively, CO may protect against oxidative mitochondrial injury by increasing the activity of mitochondrial superoxide dismutase and mitochondrial glutathione peroxidase (46) .
The ability of HOCl to induce HO-1 gene expression may be of pathophysiological significance. Abundant MPO-and HOClmodified proteins have been detected within and around endothelial cells of human atherosclerotic lesions where HO-1 is also highly expressed (8, 16, 49) . Our results suggest that the induction of HO-1 in atherosclerotic lesions exert an important cytoprotective role to defend endothelial cells against the harmful ROS generated by MPO. Since endothelial cell damage and denudation promotes plaque erosion and thrombosis, the induction of HO-1 may serve to reduce thrombosis and stabilize atherosclerotic plaques. In this respect, HO-1 has recently been found to exert an antithrombotic effect following oxidative damage to the endothelium (47) . Moreover, a recent clinical study found that HO-1 expression is more prevalent in carotid atherosclerotic plaques obtained from asymptomatic compared with symptomatic patients (2) . Thus the induction of HO-1 by HOCl may serve to promote homeostasis in vascular lesions by limiting thrombosis and plaque rupture.
Finally, the ability of HOCl to induce HO-1 may also be important in infectious states. Endotoxemia is associated with prominent neutrophil activation and infiltration, HOCl formation, and HO-1 expression in multiple organs (13, 14, 36) . In this pathological setting, the induction of HO-1 has been shown to ameliorate oxidative stress, end-organ dysfunction, and death (53) . Aside from mitigating HOCl-mediated tissue damage, HO-1 may exert critical anti-inflammatory actions. In this respect, our finding that HOCl stimulates the production of CO may be highly relevant, since CO inhibits lipopolysacharide-mediated production of pro-inflammatory cytokines while increasing the synthesis of the anti-inflammatory cytokine, interleukin-10 (35). In addition, CO has an inhibitory action on the formation of granulocyte-macrophage colony stimulating factor, which is known to promote the secretion of proinflammatory mediators and the differentiation of hematopoetic progenitor cells into macrophages and neutrophils (42) . Similarly, the HO-1 product biliverdin was recently demonstrated to reduce the severity of the inflammatory response to polymicrobial sepsis by inhibiting the expression of interleukin-6 and stimulating the production of interleukin-10 (40). Moreover, bile pigments interfere with the expression of adhesion molecules and leukocyte-endothelial interactions (41) . Significantly, both CO and biliverdin have been demonstrated to reduce mortality in animal models of sepsis (27, 40) .
In conclusion, the present study demonstrates that HOCl induces HO-1 gene transcription and CO production via the Nrf2/ARE pathway in human vascular endothelium. In addition, it found that the activation of Nrf2 is blocked by NAC, and that the induction of HO-1 counteracts HOCl-mediated mitochondrial dysfunction and cell death through the formation of CO, biliverdin, and bilirubin. The ability of MPO-derived HOCl to stimulate HO-1 gene expression may play a critical role in preserving endothelial cell function and survival in atherosclerosis and other inflammatory disorders.
